In the course of the search for cancer cell growth inhibitors, 3 new diterpene alkaloids, designated ceylonamides G-I (1-3), together with ceylonamide F (4) were isolated from an Indonesian marine sponge of Spongia sp. The chemical structures of compounds 1-3 were determined using spectroscopic analysis and compared with those of compound 4. Among the isolated compounds, 1 and 4 inhibited the growth of human prostate cancer DU145 cells in a two-dimensional monolayer culture, with an IC 50 of 6.9 and 18.8 µM, respectively. Furthermore, these compounds are also effective on spheroid of three-dimensional cell culture model, which was prepared from DU145 cells. Based on the morphological changes in the spheroids, the minimum effective concentrations of compounds 1 and 4 were 10 and 25 µM, respectively. Keywords terpenoids, alkaloids, bioactivity, ceylonamide, marine sponge, cancer, spheroid, Spongia sp Cancer is the fastest growing health problem and leading cause of death worldwide. Although a number of new anti-cancer drugs are approved yearly, more efficacious drugs with fewer side effects are greatly needed. Natural products are the primary source of anti-cancer drugs, as about half of the present cancer therapy drugs are either natural products or their derivatives.
Cancer is the fastest growing health problem and leading cause of death worldwide. Although a number of new anti-cancer drugs are approved yearly, more efficacious drugs with fewer side effects are greatly needed. Natural products are the primary source of anti-cancer drugs, as about half of the present cancer therapy drugs are either natural products or their derivatives. 1 Recently, marine invertebrates such as marine sponges have emerged as a valuable resource for discovering anti-cancer drugs owing to their diverse content of secondary metabolites. Trabectedin (Yondelis) isolated from Ecteinascidia tubinata, and Eribulin (Halaven), a halichondrin B derivative, isolated from Halichondria okadai are typical examples. 2 More than 20 compounds from marine medicinal resources are in the clinical trial phase. 3 We have also isolated some marine natural products showing unique effects on the cancer cells. For instance, furospinosulin-1 (furanosesterterpene) and dictyoceratin-C (sesquiterpene phenol) are isolated from Dactylospongia elegans, which are selective growth inhibitors of hypoxia-adapted human prostate cancer DU145 cells. [4] [5] [6] [7] N-methylniphatyne A (new 3-alkylpyridine alkaloid) and biakamides (new unique polyketides) isolated from Xestospongia sp. and Petrosaspongia sp., respectively, inhibited the growth of pancreatic cancer PANC-1 cells adapted to nutrient-starved conditions. 8, 9 On the contrary, candidate compounds with promising results in cell-based assays are often ineffective in tumor xenograft animal models, mostly due to the reliance on established two-dimensional (2D) monolayer cultures for cellular response studies. Albeit enormously useful for screening of cytotoxic compounds, the 2D monolayer culture falls short in recapitulating the complex native environment of living tumor tissue. This situation has then led to the pursuit of three-dimensional (3D) cell cultures that have the potential to improve the physiological relevance of cellbased studies and increase the successful translation of cellbased drug screening. 10 Among the 3D cell culture models, spheroid cultures are one of the well-characterized methods for screening of cytotoxic compounds due to its simplicity and reproducibility.
In this study, 3 new diterpene alkaloids, designated ceylonamides G-I (1-3), together with ceylonamide F (4) were isolated from Spongia sp., an Indonesian marine sponge, by bioassay-guided separation based on cytotoxic activity against 2D monolayer cultured DU145 cells. The cytotoxic effect of the compounds on 3D spheroid and 2D monolayer cultured DU145 cells was then evaluated in detail. In addition, preliminary structure activity relationship of the compounds was also discussed.
Ceylonamide G (1) C-14) ]. In addition, NMR spectra of 1 were similar to those of ceylonamide F. 4, 12 Marked differences in the chemical shifts of the carbon atoms in these compounds were observed at δ C 22.8 (C-12), δ C 129.2 (C-13), δ C 166.5 (C-14), δ C 45.6 (C-15), and δ C 177.4 (C-16) for 1 and at δ C 27.4 (C-12), δ C 154.1 (C-13), δ C 141.3 (C-14), δ C 176.4 (C-15), and δ C 49.2 (C-16) for 4 ( Tables 1  and 2 ). Then, the Heteronuclear Multiple Bond Correlation (HMBC) correlations between δ H 2.05, 2.32 (H-12) and δ C 129.2 (C-13), δ C 177.4 (C-16); δ H 3.85, 3.95 (H-15) and δ C 129.2 (C-13), δ C 166.5 (C-14), δ C 177.4 (C-16); δ H 1.19 (H-17) and δ C 166.5 (C-14) indicated that the γ-lactam ring of 1 had the opposite orientation to that of 4 (Figures 1 and  2 ). These findings and further interpretation of 2D NMR spectra, including Correlation spectroscopy (COSY) and HMBC experiments (Figure 2 ), led to the determination of the planar structure of 1. All the proton and carbon signals were assigned as shown in Table 1 . Ceylonamide H (2) was obtained as a white amorphous powder. The ESI-TOF-MS of 2 showed a quasi-molecular ion peak [M + Na]
+ at m/z 368, which was larger than that of 1 by 14 amu, and the molecular formula was determined as C 21 H 31 NO 3 by HR-ESI-TOF-MS.
1 H-and 13 C-spectra of 2 were superimposed those of 1 ( Table 1 ). The molecular formula and NMR spectra of 2 suggested that a N-CH 3 moiety was present in the γ-lactam ring. Indeed, the HMBC correlations were observed between δ H 3.00 (H-21) and δ c 52.1 (C-15), δ c 174.3 (C-16). Further interpretation of the 2D NMR data obtained by COSY and HMBC provided the chemical structure for compound 2 as shown in Figures 1  and 2 . All the proton and carbon signals were assigned as shown in Table 1 .
Ceylonamide I (3) was also obtained as a white amorphous powder. The ESI-TOF-MS of 3 showed a quasi-molecular ion peak [M + Na] + at m/z 398, and the molecular formula was determined as C 22 H 33 NO 4 by HR-ESI-TOF-MS. 1 H-and 13 C-NMR spectra of 3 revealed that it was similar to compounds 1, 2, and 4 (Tables 1 and 2 ). The HMBC Table 2 .
The relative stereochemistry of compounds 1 to 3 was determined by analyzing their Rotating frame nuclear Overhauser effect spectroscopy (ROESY) spectra. As shown in Figure 3 , the observed ROESY correlations of each compound indicated that the A/B and B/C ring junctions were both trans configuration, similar to ceylonamide F (4). The methyl group at C-4 was assigned an equatorial orientation. As for the assignment of absolute configuration, spongolactam A (5), B, and C, congeners of compounds 1 to 3, have already been elucidated by semisynthesis and their specific rotations were negative values. 13 On the other hand, the specific rotations of compounds 1 to 3 were also negative (−24, −23, and −32, respectively) and were similar to the reported specific rotations of ceylonamides A-F (−26, −29, −26, −38, −23, and −110, respectively). 12 The absolute stereochemistry of compounds 1 to 3 are illustrated in Figure 1 . The absolute configuration of ceylonamide F (4) was also determined on the basis of the specific rotations of spongolactams.
We next evaluated the cytotoxic activity of compounds 1 to 4 on the human prostate cancer DU145 cells in 2D culture conditions. As shown in Table 3 , compounds 1 and 4 showed the growth inhibition in the 2D cultured DU145 cells with IC 50 values of 6.9 and 18.8 µM, respectively, while compounds 2 and 3 did not exhibit the activity up to 100 µM. This result suggested that there was no relationship between the activity of the compounds and the orientation of the γ-lactam ring; however, the NH group on the γ-lactam ring might be important for activity. Furthermore, the effects of compounds 1 and 4 on the spheroids prepared from DU145 cells were investigated based on the morphological changes of spheroids. In order to determine the effects of compounds, the concentrations of compounds, at which dead cells began to appear around the spheroids, were defined as the minimum effective concentration (MEC). Taxol of 10 nM concentration was used as the positive control and caused dead cells to appear at a circumference of the spheroid (Table 3 and Figure 4 ). On the other hand, MECs of compounds 1 and 4 were estimated as 10 and 25 µM, respectively (Table 3) . Indeed, dead cells around the spheroids appeared at the concentrations shown in Figure 4 . This result revealed that compounds 1 and 4 were also effective on spheroids.
Although investigating the mode of action and the effect of the compounds on the microenvironment of spheroids is necessary, our findings suggested that compounds 1 and 4 would be effective in a tumor xenograft mouse model. Hence, they are expected to be a new medicinal seed for cancer chemotherapy. 
Experimental
General NMR spectra, referenced to tetramethylsilane or residual solvent peak, were measured on an Agilent NMR system ( 1 H: 600 MHz, 13 C: 150 MHz). ESI-TOF-MS was recorded on a Q-Tof Ultima API mass spectrometer (Waters Co., MA, United States). IR spectra and specific rotations were obtained with a JASCO FT/IR-5300 (KBr pellets) and JASCO P-2200 digital polarimeter (L = 50 mm) (JASCO Corporation, Tokyo, Japan), respectively. UV spectra were obtained with UV-2450 spectrophotometer (SHIMADZU, Kyoto, Japan). Column chromatography was performed on Silica gel BW-200 (Fuji Silysia Aichi, Japan), COSMOSIL 5C 18 -AR-II (Nacalai tesque, Kyoto, Japan), and COSMOSIL Cholester (Nacalai tesque, Kyoto, Japan). HPLC was performed using a Hitachi L-6000 pump equipped with Hitachi L-4000H UV detector (Hitachi High-Tech Science Corporation, Tokyo, Japan). Thin-layer chromatography (TLC) analysis was carried out using pre-coated TLC plates (Merck, 60F 254 ). Spots on the TLC plates were detected by spraying acidic p-anisaldehyde solution (p-anisaldehyde: 25 mL, c-H 2 SO 4 : 25 mL, AcOH: 5 mL, and EtOH: 425 mL) or phosphomolybdic acid solution (phosphomolybdic acid: 25 g and EtOH: 500 mL) with subsequent heating. The following reagents and materials were used for cell culture and bioassay: RPMI 1640 medium (Nacalai tesque, Inc., Kyoto, Japan); fetal bovine serum (FBS; lot 30-2215) (Equitech-Bio Inc., Kerrville, TX, United States); taxol (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan); and kanamycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and other chemicals (Sigma-Aldrich, St Louis, MO, United States or Nacalai tesque, Inc., Kyoto, Japan).
Extraction and Isolation
The specimen of marine sponge was collected at Biak, Indonesia, and was identified as a Spongia sp. on the basis of morphological characteristics. The dried marine sponge of Spongia sp. (330 g) was extracted with MeOH. The MeOH extract (44 g) was partitioned into a water-EtOAc mixture. Following guidance of bioassay, the active EtOAc soluble portion (11 g) was subjected to silica gel column chromatography by eluting with n-hexane-EtOAc δ H ), 13 C NMR (150 MHz, CD 3 OD, δ C ) spectra: as shown in Table 1 . 13 C NMR (150 MHz, CD 3 OD, δ C ) spectra: as shown in Table 2 .
Ceylonamide H (2)
A
Cytotoxicity of the Compounds on the DU145 Cells Under 2D Culture Conditions
Human prostate cancer DU145 cells were maintained in RPMI 1640 supplemented with heat-inactivated 10% FBS and kanamycin (50 µg/mL) in a humidified atmosphere of 5% CO 2 at 37°C. In order to evaluate the activity of the compounds, the DU145 cells were plated in 96-well plates (1 × 10 4 cells/200 µL/well) and incubated for 12 hours in a humidified atmosphere containing 5% CO 2 at 37°C. The test compounds were later added, and the plates were incubated for an additional 24 hours under the same conditions. Cell proliferation was detected according to a previously established MTT method.
14 The growth inhibition rate was calculated as a percentage relative to negative controls. The IC 50 values were determined by linear interpolation from the growth inhibition curve.
Spheroid Preparation and Cytotoxicity Evaluation
The preparation of spheroids from DU145 cells was performed based on the description by Friedrich et al. 11 Briefly, sterilized 1.5% agarose in RPMI 1640 medium (50 µL) was added into each well of 96-well plates, and the plates were kept at room temperature to solidify the agarose. Then, DU145 cells in the RPMI 1640 medium supplemented with heat-inactivated 10% FBS (1 × 10 4 cells/ well/100 µL) were inoculated onto the agarose coated 96-well plates and cultured for 7 days in a humidified atmosphere of 5% CO 2 at 37°C to allow the size of spheroids to be approximately 600-700 µm. After forming spheroids, the test compounds were added, and the plates were incubated for an additional 72 hours. To evaluate the effect of the compounds on the spheroids, their concentrations that resulted in dead cells appearance around the spheroid were defined as a MEC.
